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Abstract 
 
The demand for drastic reduction in CO2 emission among road vehicles has seen downsizing 
becoming a megatrend in modern engine developments due to its benefits in reducing throttling 
loss and improvement in engine efficiency. In light of this, turbocharging is seen as one of the 
key enabling technologies and therefore carries along with it an ever-increasing challenge in 
terms of system-matching as the device is required to operate in ranges never encountered 
before. The increasing reliance on 1-D engine performance simulation tools calls for more 
accurate representation of the turbocharger model. The present study assessed the 
turbocharger turbine maps for use in commercial 1-D gas dynamics engine code from several 
aspects, namely the width of the map and the representation of turbine unsteady performance 
in the virtual environment. Furthermore, the present work assessed the performance of turbine 
under waste-gated operations. For this, an experimental work has been carried out on a 
bespoke waste-gated turbine layout over a wide range of operating conditions. The 
performance of the radial turbine under steady inlet conditions was evaluated for different 
waste-gate openings, at various points along several speed-lines. Then the unsteady tests saw 
the turbine performance evaluated at various sets of pulse frequencies, turbine loadings and 
waste-gate openings. Analysis of this study include the impact of turbine map width on the 
turbine performance modelling in a commercial 1-D gas dynamics engine simulation software 
and subsequently the prediction of the engine’s performance. This simulation work is carried 
out based on an actual heavily downsized gasoline engine with a series super-turbocharging 
system. The study also examined the method of incorporating the effects of turbine unsteady 
performance under waste-gated and non-waste-gated conditions in the performance maps used 
in 1-D code and evaluate its impact on the engine performance prediction. The outcome of the 
study aims at providing a deeper understanding on the unsteady performance of a turbocharger 
turbine which will lead to improved turbocharger-engine matching methods in the future. 
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Chapter 1 Introduction 
 
1.1 General overview 
Modern road vehicles are required to meet stringent emission and fuel economy demands and 
as a consequence, the optimization of engine performance becomes a crucial process in vehicle 
development programs.  One of the key legislations approved by the European Union and 
Council is the reduction in tailpipe CO2 emission to an average of 95 g/km CO2 of newly 
registered cars by 2025 through technological advances (The European Commission, 2009). 
 
Figure 1.1 Market road map for CO2 emissions from passenger cars (ICCT, 
2014) 
 
Figure 1.1 shows the roadmap to reduction and projected reduction of CO2 on the New 
European Driving Cycle (NEDC) for various market fleets across the world from the year 2000 
until 2025 (ICCT, 2014). CO2 emission indicates a measure of how much fuel a vehicle consumes 
and therefore reflects on the efficiency of the engines. The figure reflects the commitment from 
the industry whereby steady improvements has been made towards achieving the 2015 target. 
Higher rate of improvement is required for manufacturers to achieve the 2020 targets (2025 for 
the US). Clearly, pursuing such a steep progress calls for more rigorous approach in engine 
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development. Figure 1.2 shows that several manufacturers have already made progress towards 
achieving the set targets for 2020 (ICCT, 2014). This improvement comes either through the 
introduction of plug-in hybrid and electric vehicles or via the route of boosting and optimization 
of various engine components and controls. 
 
Figure 1.2 Average 2012 fuel consumption and CO2 emission level of main 
EU passenger car manufacturers shown with target for 2020 
(ICCT, 2014) 
 
While the current state-of-the-art have seen growing trends in development of alternative low 
carbon technologies such as hybrid fuel cell and electric vehicles, the conventional internal 
combustion engine remains at large the key form of road vehicle propulsion system. For these 
propulsion systems, CO2 emissions relate directly to the capacity of the engine. Therefore, 
manufacturers are actively reducing the size of their engines, replacing them with more efficient 
smaller units for a specific vehicle platform. 
The choice of engine operating cycle namely fuel selection also dictates the downsizing strategy. 
While the CO2 reduction in the European Union shown in Figure 1.1 above is largely contributed 
by Diesel-based engines, recent years have seen the development of fuel economy improvement 
technologies focusing on gasoline engines. These technologies include gasoline engine 
downsizing, gasoline direct injection (GDI), exhaust gas recirculation (EGR), variable valve 
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trains, controlled auto-ignition (CAI) and friction reduction (Fraser et al, 2009). The 
demonstrator engine developed by Fraser et al (2009) has managed a 15% potential reduction 
of CO2 through adoption of the technologies mentioned above with a further 10% possible 
reduction when a start-stop function is included. 
Having a smaller engine helps improve fuel economy by reducing pumping, friction and heat 
losses within the engine architecture. In addition, a smaller engine would reduce the overall 
volume and thus it’s overall mass. Therefore, the engine compartment within a vehicle platform 
can be minimized, resulting in a more compact and lighter vehicle. On the other hand, a smaller 
engine will also exhibit depreciation in the engine torque output. To compensate this inherent 
loss in performance, forced induction systems are introduced and the efficiency of the small 
engine is enhanced by “boosting” the intake air. This would increase the volumetric efficiency of 
the engine and raise the maximum torque output to a level that is similar to its larger 
counterpart. This exercise of seeking the same level of performance from a smaller engine with 
a specified larger counterpart is known as “engine downsizing”. Forced induction systems such 
as turbochargers play a vital role in engine downsizing and a lot of research is being carried out 
to improve the design and selection of the components involved as well as to control and 
optimize the engineering package. 
 
1.2 The Concept of Engine Downsizing 
A well accepted definition of engine downsizing is the method of changing the speed and load 
operating point of an engine by replacing a large engine with a smaller engine. The smaller 
engine is boosted to enable operation at a higher specific load to maintain the same torque 
output. At present, several developers have demonstrated successful engine downsizing up to 
50% the displacement of a comparable naturally aspirated (NA) version while achieving the 
same full-load torque output with significant improvement in fuel economy (Lumsden et al, 
2009). The term “down-speeding” is also widely used referring to the ability of the engine to 
operate at higher gear ratios (low speeds) as a result of the high brake mean effective pressure 
(BMEP). 
Forced induction systems play a central role in the development of downsized engines. For an 
engine to achieve its target performance output, the process of selecting, matching and control 
of a boosting system to the engine are crucial in the development process. These devices are 
required to deliver the high flow capacity at high pressure ratio as demonstrated by Arnold et al 
(2005) and Lumsden et al (2009). Salamon et al (2012) reported that air pressure charging of 
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3.5bar is required to boost a 2.0 litre engine to achieve 35 bar BMEP for a 60% level of 
downsizing. At these conditions, the technical challenges involved are vast. A more aggressive 
downsizing practice or those carried out on larger engines will inherently require higher boost 
pressure. This brings about other issues such as charge-air cooling, high exhaust gas 
temperatures, high cylinder pressure, knock mitigation and control, vehicle drivability, 
mechanical and thermal stresses. In order to achieve sufficient boost from the boosting systems, 
larger turbochargers which operate at extremely high speeds and able to withstand higher 
temperatures will be required. 
 
1.3 Forced Induction Systems and Turbochargers 
As mentioned earlier, forced induction system play a central role in engine downsizing 
development to provide the necessary boost pressure. Forced induction technologies are 
nothing new as far as the automotive engines are concerned. Spark ignition (SI) engines has 
seen the use of turbochargers or superchargers in niche markets and applications such as in 
performance and racing vehicles as well as in several passenger cars and it has become difficult 
to find successful NA compression ignition engines in the market today. 
 
Figure 1.3 Basic components of a turbocharger (Raunekk & Stonecypher, 
2009) 
 
Forced induction systems are methods to increase the mass flow rate of air entering the 
combustion chamber in order to increase the efficiency of the engine. The types of forced 
induction systems most widely used in automotive engines include turbochargers and 
superchargers. The present work focuses on the analysis and performance of the former. A 
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turbocharger, shown in Figure 1.3 is a turbomachinery device which is connected to an internal 
combustion engine at the exhaust manifold to extract the energy available in post-combustion 
exhaust gas and uses it to increase the intake air pressure of the engine. 
 
Figure 1.4 Schematic diagram of a turbocharged engine showing the flow of 
hot exhaust gas and cold intake air (Honeywell, 2009) 
 
1.3.1 Turbochargers 
Figure 1.4 shows how the turbocharger is connected to the engine. The pressure energy 
available in the exhaust gas is utilized to drive a turbine, which in turn drives an air compressor. 
The compressor increases the intake air density to a higher-than-ambient value, allowing the 
combustion to take place at a higher volumetric efficiency. Also shown in the figure is the 
presence of a charge air cooler seen as a rectangular box located between the compressor exit 
and the intake manifold. The role of the charge-air cooler is to reduce the temperature of the 
compressed air thereby increasing its density. This will result in higher air mass flow rate 
entering the engine cylinder. 
Figure 1.5 shows the work available in ideal exhaust process in an internal combustion engine 
on a pressure versus volume (p-V) diagram. Vd and Vc denotes the swept volume and clearance 
volume of the combustion chamber. The hatched area represents the energy available from the 
exhaust blow-down process (area 1-2-3) and the piston work done to discharge the remaining 
exhaust gas (area 3-4-5-6), which would otherwise be unused and released in an open engine 
cycle. Turbochargers fundamentally exploit this unused energy to provide higher pumping 
power for the engine thereby increasing the net work produced over the cycle. 
172 
 
Bibliography 
 
Anderson, J. S. & Bratos-Anderson, M. (1987) Solving problems in vibrations. London, Longman 
Scientific & Technical. 
Andersson, P., & Eriksson, L. (2001) Air-to-Cylinder Observer on a Turbocharged SI-Engine with 
Wastegate, SAE Technical Paper, 2001-01-0262. 
Arnold, S., Calta D., Dullack K., Judd, C. & Thompson, G. (2005) Development of an Ultra-High 
Pressure Ratio Turbocharger. SAE Technical Paper, 2005-01-1546. 
Baines, N., (2004) Turbocharger turbine pulse flow performance and modelling: 25 years on. 
Proceedings of the 9th International Conference on Turbochargers and Turbocharging, 19-20 May 
2010, Westminster, London. Institution of Mechanical Engineers, Information & Library Services, 
pp. 347-362.  
Bandel, W., Fraidl, G. K., Kapus, P. E., Sikiner, H. & Cowland, C. N. (2006) The Turbocharged GDI 
Engine: Boosted Synergies for High Fuel Economy Plus Ultra-low Emission. SAE Technical Paper, 
2006-01-1266. 
Barlow, T. J., Latham, S., McRae, I. S. & Boulter, P. J. (2009), A reference book of driving cycles for 
use in the measurement of road vehicle emissions. UK, TRL Limited. 
Benson, R. S. (1974) Nonsteady Flow in a Turbocharger Nozzleless Radial Gas Turbine. SAE 
Technical Paper, 740739.  
Birman, R. (1954) New Developments in Turbocharging. SAE Technical Paper, 540017. 
British Standards Institution (1983) BS 1042-2.2:1983. Measurement of fluid flow in closed 
conduits – Part 2: Velocity area methods. London, BSI. 
Bücker, I., Karhoff, D-C., Klaas, M. & Schröder, W. (2013) Engine In-Cylinder Flow Control via 
Variable Intake Valve Timing. SAE Technical Paper, 2013-24-0055. 
Capobianco, M. & Marelli, S. (2007) Waste-Gate Turbocharging Control in Automotive SI 
Engines: Effect on Steady and Unsteady Turbine Performance. SAE Technical Paper, 2007-01-
3543. 
Chadwell, C. J. & Walls, M. (2010) Analysis of a SuperTurbocharged Downsized Engine Using 1-D 
CFD Simulation. SAE Technical Paper, 2010-01-1231. 
Chiong, M. S., Rajoo, S., Costall, A. W., Salim, W. S-I. W., Romagnoli, A. & Martinez-Botas, R. F. 
(2013) Assessment of Cycle Average Turbocharged Maps through One Dimensional and Mean-
Line Coupled Codes. Proceedings of ASME Turbo Expo 2013: Turbine Technical Conference and 
Exposition, 3-7 June 2013, Texas, USA. pp. (V06CT40A026)1-10. 
Clenci, A. C., Descombes, G., Podevin, P. & Hara, V. (2007) Some Aspects Concerning the 
Combination of Downsizing with Turbocharging, Variable Compression Ratio, and Variable 
Intake Valve Lift. Proceedings of the Institution of Mechanical Engineers, Part D: Journal of 
Automobile Engineering, 221 (10), 1287-1293. 
173 
 
Copeland, C., Martinez-Botas, R. & Seiler, M. (2011) Comparison between Steady and Unsteady 
Double-Entry Turbine Performance Using the Quasi-Steady Assumption, Journal of 
Turbomachinery, 133 (3), 031001/1-10. 
Copeland, C., Martinez-Botas, R., Turner, J., Pearson, R., Luard, N., Carey, C., Richardson, S., Di 
Martino, P. & Chobola, P. (2012) Boost system selection for a heavily downsized spark ignition 
prototype engine. Proceedings of the 10th International Conference on Turbochargers and 
Turbocharging, 15-16 May 2012, Savoy Place, London. Cambridge, Woodhead Publishing Limited. 
pp. 27-41. 
Copeland, C., Newton, P. J., Martinez-Botas, R. F. & Seiler, M. (2012) A comparison of timescales 
within a pulsed flow turbocharger turbine. Proceedings of the 10th International Conference on 
Turbochargers and Turbocharging, 15-26 May 2012, Savoy Place, London. Cambridge, Woodhead 
Publishing Limited. pp. 389-404. 
Costall, A. & Martinez-Botas (2007) Fundamental Characterization of Turbocharger Turbine 
Unsteady Flow Behavior. Proceedings of ASME Turbo Expo 2007: Power for Land, Sean and Air, 
14-17 May 2007, Montreal, Canada. pp. 1827-1839. 
Costall, A. W., McDavid, R. M., Martinez-Botas, R. F. & Baines, N. C. (2010) Pulse Performance 
Modeling of a Twin Entry Turbocharger Turbine under Full and Unequal Admission, Journal of 
Turbomachinery, 133 (2), 021005/1-9. 
Edson, M. H. (1962) The Influence of Compression Ratio and Dissociation on Ideal Otto Cycle 
Engine Thermal Efficiency. SAE Technical Paper, 620557. 
Eriksson, L. (2007) Modeling and Control of Turbocharged SI and DI Engines, Oil & Gas Science 
and Technology - Revue de l'IFP Special Issue: IFP International Conference: New Trends on Engine 
Control, Simulation and Modelling, 62(4), pp. 523-538.  
Flierl, R. & Klüting, M. (2000) The Third Generation of Valve trains – New Fully Variable 
Valvetrains for Throttle-Free Load Control. SAE Technical Paper, 2000-01-1227. 
Fraser, N., Blaxill, H., Lumsden, G. & Bassett, M. (2009) Challenges for Increased Efficiency 
through Gasoline Engine Downsizing. SAE Technical Paper, 2009-01-1053. 
Galindo, J., Serrano J., Climent H. & Varnier O. (2010) Impact of two-stage turbocharging 
architectures on pumping losses of automotive engines based on an analytical model. Energy 
Conversion Management, 51 (10), 1958-1969. 
Gamma Technologies (2011) GT-Power Flow Theory, Gamma Technologies Inc. 
Gamma Technologies, (2010) GT-SUITE Engine Performance Application Manual (Version 7.1). 
Gamma Technologies Inc. 
Ghorbanian, K. & Gholamrezaei, M. (2009) An Artificial Neural Network Approach to 
Compressor Performance Prediction. Applied Energy, 86 (7-8), 1210-1221. 
Gregg, D. (1928) Performance of a Supercharged Passenger-Car. SAE Technical Paper, 280041.  
174 
 
Hancock, D., Fraser, N., Jeremy, M., Sykes, R. & Blaxill, H. (2008) A New 3 Cylinder 1.2l Advanced 
Downsizing Technology Demonstrator Engine. SAE Technical Paper, 2008-01-0611.  
Heywood, J. B., (1988) Internal Combustion Engine Fundamentals. Singapore, McGraw-Hill. 
Honeywell. (2009) Charge Air System flow Diagram. [Online] Available from: 
http://www51.honeywell.com/ [Accessed 15th October 2014] 
Hosaka, T. & Hamazaki, M. (1991) Development of the Variable Valve Timing and Lift (VTEC) 
Engine for the Honda NSX. SAE Technical Paper, 910008. 
International Council on Clean Transportation. (2014) EU CO2 Emission Standards for Passenger 
Cars and Light-Commercial Vehicles (Update January 2014). [Online] Available from: 
http://www.theicct.org/ [Accessed 15th September 2014] 
Jensen, J. P., Kristensen, A. F., Sorenson, S. C., Houbak, N. & Hendricks, E. (1991) Mean Value 
Modeling of a Small Turbocharged Diesel Engine. SAE Technical Paper, 910070. 
Jiang, L., Vanier, J., & Yilmaz, H. (2009) Parameterization and Simulation for a Turbocharged 
Spark Ignition Direct Injection Engine with Variable Valve Timing. SAE Technical Paper, 2009-
01-0680. 
Jung, M., Ford, R., Glover, K., Collings, N., Christen, U. & Watts, M. J. (2002) Parameterization and 
Transient Validation of a Variable Geometry Turbocharger for Mean-value Modeling at Low and 
Medium Speed-load Points, SAE Technical Paper, 2002-01-2729. 
Karamanis, N. & Martinez-Botas, R. F. (2002) Mixed-Flow Turbines for Automotive 
Turbochargers: Steady and Unsteady Performance. Int. J. Engine Res., 3 (3), 127-138. 
Keidel, S., Wetzel, P., Biller, B., Bevan, K. & Birckett, A. (2012) Diesel Engine Fuel Economy 
Improvement Enabled by Supercharging and Downspeeding. SAE International Journal of 
Commercial Vehicles, 5 (2), 483-493. 
King, J., Heaney, M., Bower, E., Jackson, N., Owen, N., Saward, J., Fraser, A., Morris, G., Bloore, P., 
Cheng, T., Borges-Alejo, J. & Criddle, M. (2012) HyBoost – An intelligent electrified optimized 
downsized gasoline engine concept. Proceedings of the 10th International Conference on 
Turbochargers and Turbocharging, 15-26 May 2012, Savoy Place, London. Cambridge, Woodhead 
Publishing Limited. pp. 3-14. 
King, L. V. (1914) On the Convection of Heat from Small Cylinders in a Stream of Fluid: 
Determination of the Convection Constants of Small Platinum Wires, with Applications to Hot-
Wire Anemometry. Proceedings of the Royal Society A, Sept. 1914, London, 1914 (90), pp. 563-
570. 
Kirkup, L. (1994) Experimental Methods: An introduction to the analysis and presentation of data. 
Queensland, Australia, John Wiley & Sons Australia. 
Kleeberg, H., Tomazic, D., Lang, O. & Habermann, K. (2006) Future Potential and Development 
Methods for High Output Turbocharged Direct Injected Gasoline Engines. SAE Technical Paper, 
2006-01-0046. 
175 
 
Königstein, A., Larsson, P-I., Grebe, U. D. & Wu, K-J. (2008) Differentiated Analysis of Downsizing 
Concepts. MTZ worldwide, 69 (6), 4-11. 
Lake, T., Stokes, J., Murphy, R., Osborne, R., Schamel, A. (2004) Turbocharging Concepts for 
Downsized DI Gasoline Engines. SAE Technical Paper, 2004-01-0036. 
Lang, O., Geiger, J., Habermann, K. & Wittler, M. (2005) Boosting and Direct Injection – Synergies 
for Future Gasoline Engines. SAE Technical Paper, 2005-01-1144. 
Lecointe, B. & Monnier, G. (2003) Downsizing a Gasoline Engine using Turbocharging with 
Direct Injection. SAE Technical Paper, 2003-01-0542. 
Leduc, P., Dubar, B., Ranini, A. & Monnier, G. (2003) Downsizing for Gasoline Engine: an Efficient 
Way to Reduce CO2 Emissions. Oil & Gas Science and Technology – Rev, 58 (1), pp. 115-127. 
Leppard, W. R. (1982) Individual-Cylinder Knock Occurrence and Intensity in Multicylinder 
Engines. SAE Technical Paper, 820074. 
Lumsden, G., OudeNijeweme, D., Fraser, N. & Blaxill, H. (2009) Development of a Turbocharged 
Direct Injection Downsizing Demonstrator Engine. SAE Technical Paper, 2009-01-1503. 
Luttermann, C., Schünemann, E. & Klauer, N. (2006) Enhanced VALVETRONIC Technology for 
Meeting SULEV Emission Requirements. SAE Technical Paper, 2006-01-0849. 
Mamat, A. M. I. (2012) Design and Development of a High Performance LPT for Electric 
Turbocompounding Energy Recovery Unit in a Heavily Downsized Engine. Ph.D thesis, Imperial 
College London. 
Marelli, S. and Capobianco, M. (2011) Steady and pulsating flow efficiency of a waste-gated 
turbocharger radial flow turbine for automotive application. Energy, 36 (1), 459-465. 
Martin, G., Talon, V., Higelin, P., Charlet, A. & Caillol, C. (2009) Implementing Turbomachinery 
Physics into Data Map-Based Turbocharger Models. SAE International Journal of Engines, 2 (1), 
211-229. 
Martin, G., Talon, V., Higelin, P., Charlet, A. & Caillol, C. (2009) Implementing Turbomachinery 
Physics into Data Map-Based Turbocharger Models. SAE International Journal of Engines, 2 (1), 
211-229. 
Martinez-Botas, R., Pesiridis, A. & MingYang, Y. (2011) Overview of boosting options for future 
downsized engines. Science China Technological Sciences, 54 (2), 318-331. 
McCrometer Inc. (2011) V-Cone Flow Meter Technical Brief, California. 
Moraal, P. and I. Kolmanovsky, (1999) Turbocharger Modeling for Automotive Control 
Applications.  SAE Technical Paper, 1999-01-0908. 
Muranaka, S., Takagi, Y. & Ishida, T. (1987) Factors Limiting the Improvement in Thermal 
Efficiency of S.I Engine at Higher Compression Ratio. SAE Technical Paper, 870548. 
Newton, P. J. (2013) An Experimental and Computational Study of Pulsating Flow within a Double 
Entry Turbine with Different Nozzle Settings. Ph.D thesis, Imperial College London. 
176 
 
Pesiridis, A., Salim, W., S-I., W. and Martinez-Botas, R. F., (2012) Turbocharger matching 
methodology for improved exhaust energy recovery. Proceedings of the 10th International 
Conference on Turbochargers and Turbocharging, 15-26 May 2012, Savoy Place, London.  
Cambridge, Woodhead Publishing Limited. pp. 203-218. 
Petitjean, D., Bernardini, L., Middlemass, C. & Shahed, S. (2004) Advanced Gasoline Engine 
Turbocharging Technology for Fuel Economy Improvements. SAE Technical Paper, 2004-01-
0988. 
Pohorelsky, L., Brynych, P., Macek, J., Vallaude, P-V., Ricaud, J-C., Obernesser, P. & Tribotté, P. 
(2012) Air System Conception for a Downsized Two-Stroke Diesel Engine. SAE Technical Paper, 
2012-01-0831.  
Rajoo, S. & Martinez-Botas (2010) Unsteady Effect in a Nozzled Turbocharger Turbine, Journal 
of Turbomachinery, 132 (3), 031001/1-9. 
Rajoo, S. & Martinez-Botas, R. (2008) Mixed Flow Turbine Research: A Review. Journal of 
Turbomachinery, 130 (4), 044001/1-12. 
Rajoo, S. (2007) Steady and Unsteady Performance of a Variable Geometry Mixed Flow 
Turbocharger Turbine. Ph.D thesis, Imperial College London. 
Rajoo, S., Romagnoli, A. & Martinez-Botas, R. F. (2012) Unsteady Performance Analysis of a 
Twin-entry Variable Geometry Turbocharger Turbine, Energy, 38 (1), 176-189. 
Raunekk & Stonecypher L. (2009) Components of a Turbocharger. [Online] Available from: 
http://www.brighthubengineering.com/ [Accessed 15th September 2014] 
Romagnoli, A., Salim, W. S-I. W., Gurunathan, B. A., Martinez-Botas, R. F., Turner, J. W. G., Luard, 
N., Jackson, R., Matteucci, L., Copeland, C., Akehurst, S., Lewis, A. G., & Brace, C. J. (2014) 
Assessment of supercharging boosting component for heavily downsized gasoline engines.  
Proceedings of the 11th International Conference on Turbochargers and Turbocharging, 13-14 
May 2014, The British Museum, London. Woodhead Publishing Limited. pp. 13-26. 
Salamon, C., McAllister, M., Robinson, R., Richardson, S., Martinez-Botas, R., Romagnoli, A., 
Copeland, C. & Turner, J. (2012) Improving Fuel Economy by 35% through combined Turbo and 
Supercharging on a Spark Ignition Engine.  Proceedings of the 21st Aachen Colloquium 
Automobile and Engine Technology 2012, 8 – 10 October 2012, Aachen, Germany, pp. 1317-1346. 
Saulnier, S. & Guilain, S. (2004) Computational Study of Diesel Engine Downsizing Using Two-
Stage Turbocharging. SAE Technical Paper, 2004-01-0929. 
Serrano, J., Arnau, F., Dolz, V., Tiseira, A. & Cervello, C. (2008) A Model of Turbocharger Radial 
Turbines Appropriate to be used in Zero- and One-Dimensional Gas Dynamics Codes for Internal 
Combustion Engines Modelling. Energy Conversion and Management, 49 (12), 3729-3745.  
Stokes, J., Lake, T. H. & Osborne, R. J. (2000) A Gasoline Engine Concept for Improved Fuel 
Economy – The Lean Boost System. SAE Technical Paper, 2000-01-2902. 
Szymko, S. (2006) The development of an eddy current dynamometer for evaluation of steady and 
pulsating turbocharger turbine performance. Ph.D thesis, Imperial College London. 
177 
 
Szymko, S., McGlashan N. R., Martinez-Botas, R. and Pullen K. R. (2006) The development of a 
dynamometer for torque measurement of automotive turbocharger turbines. Proceedings of 
IMechE Part D: J. Automobile Engineering, 42 (D), 225-239. 
The European Commission. (2009) Setting Emission Performance Standards for New Passenger 
Cars as part of the Community’s Integrated Approach to Reduce CO2 Emissions from Light-Duty 
Vehicles. Regulation (EC) No 443/2009 of the European Parliament and of the Council of 23 
April 2009. 
The International Council on Clean Transportation. (2014) Global Comparison of Light-Duty 
Vehicle Fuel Economy/GHG Emission Standards (Update: February 2014). [Online]: Available 
from: http://www.theicct.org/ [Accessed 15th September 2014] 
Thomasson, A., Leufve´n, O., Criscuolo, I. & Eriksson, L. (2013) Modeling and Validation of a 
Boost Pressure Actuation System for a Series Sequentially Turbocharged SI engine, Control 
Engineering Practice, 21 (12), 1860-1870.  
Turner, J. W. G., Pearson, R. J., & Kenchington, S. A. (2005) Concepts for Improved Fuel Economy 
from Gasoline Engines. International Journal of Engine Research, 6 (2), 137-157. 
Turner, J. W. G., Popplewell, A., Patel, R., Johnson, T. T., Darnton, N. J., Richardson, S., Bredda, S. 
W., Tudor, R. J., Bithell, C. I., Jackson, R., Remmert S. M., Cracknell, R. F., Fernandes, J. X., Lewis, A. 
G. J., Akehurst, S., Brace, C. J., Copeland, C., Martinez-Botas, R. Romagnoli, A. & Burluka A. A., 
(2014) Ultra Boost for Economy: Extending the Limits of Extreme Engine Downsizing, SAE 
International Journal of Engines, 7 (1), 388-417. 
Walzer, P. (2001) Future Power Plans for Cars. SAE Technical Paper, 2001-01-3192. 
Watson, H.C., Milkins, E.E., Roberts, K. & Bryce, W. (1983) Turbocharging for Fuel Economy. SAE 
Technical Paper, 830014. 
Watson, N. & Janota, M. S. (1982) Turbocharging the Internal Combustion Engine. The Macmillan 
Press Ltd., London. 
Watson, N. & Marzouk, M. (1977) A Non-Linear Digital Simulation of Turbocharged Diesel 
Engines under Transient Conditions. SAE Technical Paper, 770123. 
Watson, N. (1979) Turbochargers for the 1980s – Current Trends and Future Prospects. SAE 
Technical Paper, 790063. 
Watson, N. (1981) Transient Performance Simulation and Analysis of Turbocharged Diesel 
Engines. SAE Technical Paper, 810338.  
Watson, N. (1984) Turbocharged Spark Ignition Engine Simulation. SAE Technical Paper, 
845042. 
Wetzel, P. (2013) Downspeeding a Light Duty Diesel Passenger Car with a Combined 
Supercharger and Turbocharger Boosting System to Improve Vehicle Drive Cycle Fuel Economy. 
SAE Technical Paper, 2013-01-0932. 
178 
 
Wirth, M., Mayerhofer, U., Piock, W. F. & Fraidl, G. K. (2000) Turbocharging the DI Gasoline 
Engine. SAE Technical Paper, 2000-01-0251. 
Wirth, M., Mayerhofer, U., Piock, W. F. & Fraidl, G. K. (2000) Turbocharging the DI Gasoline 
Engine. SAE Technical Paper, 2000-01-0251. 
Woods, W. A. & Khan, S. R. (1965) An Experimental Study of Flow through Poppet Valves. 
Proceedings of the Institution of Mechanical Engineers, Conference Proceedings 1965 (180:32), 
June 1965, SAGE, pp. 32-41. 
Yang, M. Y., Padzillah, M. H., Zhuge, W. L, Martinez-Botas, R. F. & Rajoo, S. (2014) Comparison of 
the Influence of Unsteadiness between Nozzled and Nozzless Mixed Flow Turbocharger 
Turbine. Proceedings of the 11th International Conference on Turbochargers and Turbocharging, 
13-14 May 2014, London, pp. 333-345. 
Zhang, Q., Pennycott, A. & Brace, C. J. (2013) A review of parallel and series turbocharging for 
the diesel engine. Proceedings of the IMechE Part D: J. Automobile Engineering, 227 (12). 1723-
1733. 
  
